The antioxidant properties of vegetable pectin fractions against intraluminal reactive oxygen species were elucidated in vitro in conjunction with their structural features. The pectin fractions were isolated using a simulated gastric fluid (pH 1.5, pepsin 0.5 g/L, 37 ∘ C, 4 h) from fresh white cabbage, carrot, onion, and sweet pepper. The fraction from onion was found to inhibit the production of superoxide radicals by inhibiting the xanthine oxidase. The high molecular weight of onion pectin and a large number of galactose residues in its side chains appeared to participate in interaction with xanthine oxidase. All the isolated pectic polysaccharides were found to be associated with protein (2-9%) and phenolics (0.5-0.7%) as contaminants; these contaminants were shown to be responsible for the antioxidant effect of vegetable pectin fractions against the hydroxyl and 1,1-diphenyl-2-picrylhydrazyl radicals.
Introduction
Epidemiological studies have shown that a diet rich in vegetables significantly reduces the incidence of chronic diseases including gastrointestinal disorders [1, 2] . The beneficial health effects of vegetables are believed to be attributable to the antioxidants contained in them, which could scavenge reactive oxygen species (ROS). Secondary metabolites (phytochemicals) of low molecular weight, particularly phenolics, have been shown to exhibit systemic antioxidant effects [3] . However, secondary metabolites of low molecular weight appear to possess an insufficient antioxidant activity against extracellular ROS formed in the intestinal lumen and mucosa. Indeed, antioxidant activity of phytochemicals against intraluminal ROS was to be limited by structural modifications of phytochemicals and/or their rapid elimination from the lumen due to absorption. Moreover, phytochemicals have been shown to exert prooxidant effects under certain conditions [4] . Antioxidants from vegetables which are resistant to digestion and absorption are supposed to provide scavenging of extracellular ROS generated from prooxidants found in food such as iron, copper, heme, and lipid peroxides [5] . In addition, intraluminal vegetable antioxidants may inhibit ROS formation during local infection, ischemia/reperfusion, gastric acid production, and nonsteroidal anti-inflammatory drugs [6] .
Pectin is well known to be an important component of the primary cell wall and intracellular substance of higher plants [7] . As a ubiquitous component of fruits and vegetables, pectin is a natural component of the human diet and is considered as a constituent of dietary fibre due to be resistant in the human stomach and small intestine [8, 9] . Pectins have previously been shown to possess diverse biological activities, which may have a role in the beneficial effects of fruit and vegetable diets. Specifically, pectins have been found to possess ROS scavenging activity which is known to depend on the structural features of pectin [10] [11] [12] .
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Pectic polysaccharides are composed of a backbone of (1→4)-linked -D-galacturonic acid (GalUA) residues. The homogalacturonic (HG) regions are interrupted by rhamnogalacturonic (RG) regions containing (1→2)-linked -Lrhamnose (Rha) residues. Rhamnosyl units can be substituted by side chains containing arabinose (Ara) and galactose (Gal) [13] .
Pectin composition in the most of vegetables has been earlier investigated [14] . However, antioxidant activity of vegetable pectins as well as its dependence on structural features remains little studied. Raw polysaccharide extracts have been shown to possess the higher antioxidant activity than purified extracts [15] . The antioxidant activity of pectins was suggested to be increased by nonpectin contaminants (phenols and proteins) that were coextracted with them [16, 17] . Therefore, investigating the capacity of the digestive process to release antioxidant crude pectic polysaccharides from plant cell wall matrix (i.e., bioaccessibility) is of great interest and is a first step in the determination of the beneficial potential of vegetable-based food. Here, we characterize pectin fractions isolated from fresh vegetables using a simulated gastric fluid and elucidate the antioxidant properties of these compounds in vitro. Cabbage, carrot, onion, and sweet pepper were chosen as the highly consumed fresh vegetables according to FAO data [18] . Moreover, the antioxidant activity of these vegetables has not been tested earlier.
Materials and Methods

Isolation of Pectin Fractions.
Fresh white cabbage (Brassica oleracea convar. capitata var. alba L.), carrot (Daucus carota subsp. sativus (Hoffm.) Arcang.), onion (Allium cepa var. cepa (yellow onion)), and sweet pepper (Capsicum annum var. annum (red bell pepper)) (1 kg each) were homogenized using a blender and treated with simulated gastric fluid (10 L, pH 1.5). The simulated gastric fluid was composed of HCl (37 mM), NaCl (37 mM), KH 2 PO 4 (4.6 mM), CaCl 2 (1.1 mM), KCl (5.2 mM), and pepsin (0.50 g/L, EC 3.4.23.1) [19] . Extracts obtained were filtered and centrifuged in a flow centrifuge at 10000 rpm (Avanti J-25I, Beckman Coulter) for 1 h at 4 ∘ C. The supernatants were collected and passed through an ultrafiltration cell containing a membrane with a molecular weight cutoff of 300 kDa. A high molecular weight cutoff membrane (300 kDa) was used to prevent contamination with lower molecular weight antioxidant proteins such as superoxide dismutase, catalase, glutathione peroxidase, and ascorbate peroxidase (molecular weight of 30-135, 50, 80, and 100 kDa, resp.). The ultrafiltration process lasted 5-8 hours, until a negative reaction was obtained for the presence of sugars using Smith's procedure. The residual material was lyophilized to yield pectin fractions BO-P, DC-P, AC-P, and CA-P. The obtained fractions appear not to contain other phytochemicals of low molecular weight; UV-Vis spectra (200-800 nm, step 10 nm) indicate the absence of any such contaminants.
General Analytical Methods.
The content of uronic acids was determined by reacting 3,5-dimethylphenol with concentrated H 2 SO 4 [20] and measuring absorbance at 400 and 450 nm with D-galacturonic acid as the standard. A quantitative determination of protein concentration was performed using the Bradford method with bovine serum albumin as the standard. The number of methoxy groups was determined at 412 nm using methanol as the standard as has been previously described [21] . The degree of methyl esterification (DM), defined as the percentage of GalUA units esterified by methanol, was calculated using the following equation: DM = (moles methanol/moles uronic acid) × 100 [22] . Spectra were measured on an Ultrospec 3000 spectrophotometer. The quantitative determination of phenolics was performed with the Folin-Ciocalteu reagent using ferulic acid (Sigma-Aldrich) as the standard [16] . Enzymatic digestion of pectic polysaccharides was carried out by the treatment of samples with pectinase (690 unit/mg, Sigma, Germany) and was controlled according to Nelson [23] to estimate the reducing sugar quantities.
The molecular weight of the samples was determined by high-performance liquid chromatography (HPLC). The samples (3 mg each) were dissolved in 1 mL of 0.15 M NaCl and filtered. The chromatographic system Shimadzu (Japan) used for the analysis consisted of a LC-20AD pump, a DGU-20A3 degasser, a CTO-10AS thermostat, a RID-10A refractometer as the detector, and a Shodex OH-pak SB-804 HQ column (7.6 mm × 30 cm) with a GS-2G 7B Shodex precolumn (7.6 mm × 5 cm). Pullulans from Fluka, Germany (1.3, 6, 12, 22, 50, 110, 200, 400, and 800 kDa) were used as standards. Elution was carried out with 0.15 M NaCl (40 ∘ C, 0.4 mL/min). The average molecular weight (Mw), average molecular weight number (Mn), and polydispersity factor (Mw/Mn) were calculated using the LCsolution GPC program (LCsolution, version 1.24 SP1, Shimadzu, Japan).
The solutions were concentrated in a rotary evaporator under reduced pressure at [40] [41] [42] [43] [44] [45] ∘ C, centrifuged at 5000-6000 rpm for 10-20 min, and lyophilized. Samples were lyophilized in frozen state using the VirTis lyophilizer (USA) at a constant vacuum of <10 mTorr and a temperature of −65 ∘ C. Samples were periodically removed and weighed to ensure constant weight after 6 h and dried for a longer period if the weight of the sample had changed more than 5% during the last 2 h of lyophilization.
The monosaccharide composition was determined after the hydrolysis of the polysaccharides, where 2 M aqueous trifluoroacetic acid (TFA) (1 ml) containing myoinositol (0.5 mg/ml) was added to a weighed portion (2-3 mg) of the polysaccharide sample. The mixture was incubated for 5 h at 100 ∘ C. The excess acid was removed by the repeated evaporation of the hydrolysate to dryness with methanol. The mixture of monosaccharides was transformed into their alditol acetates and identified by gas-liquid chromatography (GLC) on a Varian 450-GC chromatograph (Netherlands) equipped with a flame-ionisation detector. GLC was run on a VF-5 ms capillary column (0.25 mm, 30 m) using the temperature regime of 175 ∘ C (1 min) to 250 ∘ C (2 min), at a rate of 3 ∘ C/min. For amino acid analysis, samples were hydrolyzed in 6 M HCl for 24 h at 110 ∘ b in three independent repetitions. The amino acid identification was performed by precolumn derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQ) [24] . The separation of amino acids was performed on a Knauer Smartline 5000 HPLC system by reverse phase chromatography on a Diasphere 2/150 mm column: b18/2, 110 A pore size, 5 m mesh. The equimolar amino acid mixture AA-S-18 Amino Acid Standard Solution (Fluka, Germany) was used as a standard.
The flow behaviors of 1% w/v aqueous solutions of pectin fractions were measured using a Brookfield programmable viscometer, model DVIII (Brookfield Engineering Labs., Inc., USA) equipped with a SC4-18/13R spindle and a small sample adaptor in the solution (6 mL) at 37.0 ± 0.1 ∘ C. Measurements were made within the shear rates between 0.2 and 45 s −1 . Solutions were prepared in triplicate. Apparent viscosities app (mPa s) were defined as the measured viscosities at specific shear rates of 3.86 s −1 .
DPPH (1,1-Diphenyl-2-picrylhydrazyl) Radical Scavenging.
The DPPH radical scavenging activities of the isolated pectin fractions were assayed according to the method described by Yang et al. [25] , with some modifications. The samples (in 50 mM Tris-HCl, pH 7.9) were mixed with the DPPH (Sigma-Aldrich) solution (130 M in ethanol) in a 1 : 1 ratio. The mixture was kept at room temperature for 60 min in the dark and the absorbance of the resulting solution was measured at 517 nm. Trolox (Sigma-Aldrich) (650 M in ethanol) was used for the determination of the absorbance of fully quenched DPPH. The radical scavenging activity (RSA) of the samples was expressed as a percentage of the disappearance of DPPH according to the equation
where dpph , sample , and ref represent the initial absorbance of the DPPH solution, the final absorbance of the DPPH solution with the sample, and those with Trolox, respectively.
Hydroxyl Radical Scavenging.
The hydroxyl RSA of the pectin fractions was assayed as described by Zhao and Jung [26] , with some modifications. Each reaction mixture had a final volume of 0.5 mL and comprised deoxyribose (3 mM, Sigma-Aldrich), PBS (pH 7.4, 100 mM), FeCl 2 (30 M, SigmaAldrich), disodium salt of ethylenediaminetetraacetic acid (EDTA) (45 M), H 2 O 2 (0.85 mM, Sigma-Aldrich), ascorbic acid (1.5 mM), and varying concentrations of the sample. The FeCl 2 and EDTA were premixed before being added to the reaction mixture. After incubation at 37 ∘ C for 1 h, the colour was allowed to develop after the addition of 0.25 mL of cold trichloroacetic acid (2.8% w/v) and 0.5 mL thiobarbituric acid (1% w/v, in 0.05 M NaOH). These reaction mixtures were heated in a boiling water bath for 15 min and then cooled to room temperature. The absorbance of the resulting solution was measured at 532 nm. The rate constant for the reaction of a sample with the hydroxyl radical was calculated from the acquired data.
Xanthine Oxidase (XO) Activity Assay and the Superoxide Scavenging
Activity. The enzymatic activity of XO (EC 1.17.3.2, from bovine milk, Sigma-Aldrich) was measured by continuously measuring uric acid formation at 290 nm, with xanthine (Sigma-Aldrich) as the substrate. The XO assay consisted of a 300 L reaction mixture comprising phosphate buffer (50 mM, pH 7.8), EDTA (0.1 mM), XO (12.5 g/mL), and xanthine (50 M). The assay was initiated by adding the enzyme to the reaction mixture, with or without the test compounds. The assay mixture was incubated at 37 ∘ C for 4 min, and the absorbance was recorded every 20 s. All data obtained from the enzyme kinetic assays were recorded in matched quartz plates (Hellma, Germany) and were plotted using the KC4 software on a PowerWave 200 microplate scanning spectrophotometer (Bio-Tek Instruments, USA). The inhibition ratio (IR) of the samples was calculated as
where sample /min and control /min are the rates of the reaction and sample and control are the absorbance of the sample and control solutions, respectively. The superoxide radical scavenging activity was measured by xanthine and XO using ferricytochrome c (from equine heart, 3% reduced, Fluka, Switzerland). In this system, the superoxide scavenging activity was estimated by measuring the extent of reduction of ferricytochrome and the extent of inhibition of XO, as has been reported previously [27] .
Determination of the Type of XO Inhibition.
The inhibition of XO activity by AC-P and ferulic acid was observed at 25 ∘ C in phosphate buffer (pH 7.8) using the method described above. Five concentrations of the substrate (15, 20, 25, 50 , and 100 M) were added after preincubating the enzyme with the inhibitor. The XO activities were determined in the presence of pectin fractions (0.25, 0.5, or 0.75 mg/mL) and ferulic acid (6.25, 12.5, or 18.75 g/mL). Kinetic parameters of the oxidation of xanthine to uric acid (i.e., maximal velocity ( max ) and the apparent Michaelis-Menten constant ( )) were calculated as described by Wilkinson [28] .
Statistical Analysis.
The data shown are expressed as the means ± standard deviation ( = 3-4). The statistical significance was calculated using the one-way ANOVA with post hoc LCD test ( < 0.05). The data for the type of inhibition of XO are represented by the median of three separate measurements.
Results and Discussion
Characterization of Pectin Fractions.
Pectin fractions BO-P, DC-P, AC-P, and CA-P were isolated from white cabbage, carrot, onion, and sweet pepper, respectively, using a simulated gastric fluid. The yield of the fractions was found to differ in the vegetables studied (Table 1 ). These differences may be because the raw and edible parts of the vegetables are comprised of different plant tissues [29] . The yield of DC-P was found to be the highest, constituting 0.51% of the fresh matter. The obtained yields were lower than the amount of soluble dietary fibre in the same vegetable, which were previously reported to be 0.8-1.7% [30, 31] . These differences may result from the ultrafiltration procedure used in the present study, which leads to the removal of components with low molecular weight and insoluble fibre. The Mw of the obtained pectins (Table 1) were similar to those of the sodium carbonate-soluble pectins of white cabbage, carrot, and onion obtained in previous studies [32] [33] [34] . BO-P, DC-P, AC-P, and CA-P were hydrolyzed with 2 M TFA to release the monosaccharides typically present in pectins. GalUA residues were identified as the main constituents of the sugar chains of pectins ( Table 1 ). The GalUA content of the pectin isolated from sweet pepper (CA-P) was found to be the highest (74%), whereas the other pectins contained 39-48% GalUA residues. As expected, a considerable portion of the GalUA residues in the pectins were present as methyl esters, with a DM of 51-76%. Previous studies [35, 36] reported the DM of HCl-extracted pectins from vegetables to be approximately 50-60%. The Ara, Gal, and Rha residues constituted the remaining neutral monosaccharides and appeared to originate from branched rhamnogalacturonan I pectic moieties. In addition, minor amounts of mannose (Man), xylose (Xyl), and glucose (Glc) were detected; these monomers are likely the constituents of the hemicellulose content of the obtained pectin fractions. In general, the Rha/GalUA ratio is considered to be a good indication of the amount of RG and HG regions present [37] . From this ratio, it was obvious that BO-P and DC-P were most enriched in RG with Rha/GalUA ratios of 0.08-0.09, whereas CA-P contained the most HG regions with a Rha/GalUA ratio of 0.02. Corresponding Rha/GalUA ratios for the pectins of white cabbage [34] , carrot [38] , onion [32] , and sweet pepper [39] have been previously reported. The Gal residue content was higher in the pectin fraction obtained from onion compared to the fractions from other vegetables. Significant cleavage of the carbohydrate chains was observed during pectinase treatment of the obtained pectin fractions. The digestion of the samples with pectinase led to the release of free galacturonic acid and insoluble polysaccharides.
The obtained pectin fractions contained 2-9% protein contaminants, and the amino acid profiles of these protein moieties included 17 amino acids ( Table 2 ). The sum of the aspartic and glutamic acid residues constituted a substantial proportion of the total amino acids (18-23%). High proportions of serine, glycine, threonine, and leucine were found in the protein moieties of all pectin fractions. Additionally, BO-P and CA-P were rich in arginine. Cysteine and methionine residues seemed to be in low proportions in the protein moieties of all the fractions studied. Pectic polysaccharides have been coextracted with protein by others, using different extraction conditions and various sources. Atomic force microscopy data clearly demonstrated the coextraction of pectin with protein, wherein the protein is attached to one end of the pectin chain [40] . Pectin molecules have been suggested to be cross-linked by phenolic compounds and have been known to make up more than 2% of the cell wall [41] . Low levels of phenolic compounds were present in all the obtained pectin fractions, as measured by the Folin-Ciocalteu assay. CA-P contained approximately 0.3% phenolics, whereas 0.5-0.7% phenolics were detected in the other pectin fractions. The presence of protein and phenolics appeared to confirm the view that undigested polysaccharide material could include fractions of other compounds [30] .
DPPH Radical Scavenging Activity.
The DPPH radical scavenging activity of the pectin fractions obtained from vegetables increased in a concentration-dependent manner (Table 3 ) and was found to be similar to the previously published results for apple pomace [42] , artichoke [10] , and grapefruit peel pectins [12] . However, the pectins of tamarind [43] , cactus cladode [44] , and Brazilian jambu plant [45] have been shown to exhibit higher anti-DPPH activities (greater Journal of Chemistry 5 
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a Radical scavenging of ferulic acid at a concentration corresponding to the phenolic content of the fraction was calculated using a calibration curve ( Figure 1 ) and is shown in the round brackets. Data are expressed as means ± standard deviation ( = 3); * mean value is significantly higher than control ( < 0.05).
than 50%) at the same concentration (1 mg/mL). The potential DPPH scavenging activity of the phenolic contaminants of the pectin fractions studied was estimated using a calibration curve for ferulic acid (Figure 1 ). The DPPH scavenging activity of ferulic acid, which was measured at concentrations corresponding to the phenolic content of the fractions, exceeded the scavenging activities of the corresponding samples (Table 3 ). For instance, 1 mg/mL solutions of BO-P and AC-P (Table 3 , bold lines) were measured to contain 6 and 7 g/mL of phenolics, respectively. Ferulic acid at concentrations of 6 and 7 g/mL inhibited the DPPH radical to extents of 36% and 39%, respectively (Figure 1, arrows) . This 6 Journal of Chemistry calculation indicates that the phenolic contaminants appear to provide the RSA for the pectin fractions in the DPPH assay.
Hydroxyl Radical Scavenging Activity.
The obtained pectin fractions possessed hydroxyl radical scavenging activities with efficiencies of 10-30% (Table 3 ). The scavenging effect increased with increasing fraction concentrations from 0.25 to 1 mg/mL. AC-P possessed a higher hydroxyl radical scavenging activity than the other fractions tested. The hydroxyl radical scavenging activity of the obtained pectin fractions was lower than that of the pectic polysaccharides of Opuntia ficus indica [44] . The rate constant for the reaction between AC-P and the hydroxyl radical was 2.05 ± 0.56 × 10 9 M −1 s −1 ; the other fractions studied had a rate constant in the range of (1.03-1.37) × 10 9 M −1 s −1 . The rate constant for the reaction of hydroxyl radicals with a pectin has been estimated previously, to be equal to 7 × 10 8 M −1 s −1 [46] . The higher rate constant in our study may be attributed to the presence of protein contaminants. Indeed, the rate constant for the reaction of hydroxyl radical with proteins has been shown to be equal to 8 × 10 10 M −1 s −1 [47] . Therefore, AC-P which contains twofold higher amount of protein (9%) compared to other pectin fractions (2-4%) demonstrated a higher rate constant for the reaction with hydroxyl radicals.
According to Xie et al. [48] , amino groups of proteins may interact with hydroxyl radicals to form stable macromolecule radicals. Ferulic acid was shown to exhibit only 5% RSA at concentrations that correspond with the phenolic contents of the fractions (approx. 5 g/mL) ( Table 3) .
Superoxide Radical Scavenging and the Inhibition of XO Activity.
A xanthine/XO system was used to determine the rate of generation of superoxide radicals. Both the superoxide radical scavenging effect and the inhibition of XO were measured in the same assay. A decreased production of superoxide was measured using the ferricytochrome reduction assay, and the inhibition of XO was measured in terms of the production of uric acid.
AC-P decreased the rate of ferricytochrome reduction (Figure 2) . A simultaneous decrease in uric acid production by AC-P was even more prominent than the reduction of the superoxide level. As shown in Figure 2 , both the uric acid and the superoxide levels decreased with increasing concentrations of onion fraction, but the superoxide curve (solid line) was lower than the uric acid curve (dotted line). Therefore, onion pectin fraction appeared to inhibit XO rather than scavenge superoxide radicals.
The production of superoxide radicals by XO, an enzyme present in the gastrointestinal milieu [49] , was used in the present investigation. To evaluate the mechanism of the XO inhibition, the effect of onion fraction on uric acid production was tested at different concentrations of the substrate and inhibitor. From the data available it has been estimated to be max and (Table 4) . was not changed by AC-P and max was decreased. This confirms that the inhibitor preferentially binds to the free enzyme and the enzyme substrate complex at a site other than the active site. For comparison, the effect of ferulic acid on the inhibition of the xanthine/XO complex was examined (Table 4) . Distinct modes of XO inhibition by ferulic acid and AC-P indicate that the contaminants of ferulic acid failed to mediate the inhibitory effects of AC-P on XO.
As mentioned above, AC-P demonstrated the highest molecular weight (900 kDa) and had a higher content of Gal residues when compared to the other pectin fractions studied (Gal/Ara = 4.1). According to our data solution of AC-P demonstrated the highest viscosity compared to that of BO-P, DC-P, and CA-P (392 versus 297, 206, and 67 mPa s). Therefore, the inhibition of XO activity by pectin fractions is suggested to be partly caused by the increase of the medium viscosity depending on the molecular weight of polysaccharides.
Pectin fractions were shown to inhibit XO and scavenge ROS. Inhibition of XO may be mediated by pectic polysaccharide chains, whereas protein and phenolic contaminants are suggested to provide the scavenging of ROS. The data demonstrate each constituent of pectin fractions to be important for implementation of antioxidant effect in the gastrointestinal milieu. It should be noted that the mechanism of antioxidant action differs among pectin fractions studied. For example, AC-P inhibits the XO activity more than scavenging the DPPH and the hydroxyl radical (48 versus 30-36%). BO-P, DC-P, and CA-P exert 8 Journal of Chemistry a less inhibiting effect on XO than RSA (9-23 versus 17-31%). Therefore, the antioxidant activity of AC-P predominantly appeared in the inhibition of XO activity by pectin chains.
Conclusion
The present study demonstrates that pectin fractions isolated from fresh vegetables by extraction with a simulated gastric fluid possess antioxidant activities that are dependent on their structural features. The pectin fraction from onion, AC-P, was found to inhibit the production of superoxide radical by inhibiting XO. The high molecular weight of AC-P and a large count of Gal residues appeared to provide XO inhibition. Protein and phenolic contaminants associated with polysaccharide moieties were shown to be responsible for the antioxidant effects of vegetable pectins on the hydroxyl and the DPPH radicals. AC-P was found to inhibit XO activity more than the DPPH and the hydroxyl radical scavenging in opposition to other pectin fractions. It suggests that pectic polysaccharide chains are important for the antioxidant capacity of onion pectin fractions. Differences in the yield of pectin fractions obtained using a simulated gastric fluid indicate that vegetables appear to differ in the bioaccessibility of their polysaccharides with antioxidant activity. The data obtained would be useful for development of new approach in food analysis based on the beneficial effect of pectic polysaccharides and would also provide support for future dietary guidelines.
